Introduction
Bovine leukaemia virus (BLV) is an exogenous retrovirus (Kettmann et al., 1976 (Kettmann et al., , 1981 that is implicated as the causative agent of enzootic bovine leukosis (EBL). It primarily infects B cells of cattle (Muscoplat et al., 1974) leading to a serological response, and in some cases the onset of disease characteristics such as persistent lymphocytosis and/or tumour formation.
Tumour tissue contains one to four BLV proviral copies per genome, at very few sites (Kettmann et al., 1979 (Kettmann et al., , 1980 Onuma et al., 1982) , and at a large number of sites in a quarter to a third of circulating leukocytes (Kettmann et al., 1980) . There is no evidence of a preferential integration site for the provirus (Kettmann et al., 1983 ; Gregoire et al., 1984) , thus diminishing the possibility of BLV exerting its transforming effect by downstream promotion of a particular proximal cellular sequence. BLV contains no classic oncogene (Deschamps et al., 1981 ) and actually appears to exist integrated in a repressed state with no viral proteins being produced (Kettmann et al., 1980 (Kettmann et al., , 1982 (Kettmann et al., , 1985 .
Due to the unusual mode of action of BLV, molecular clones are required to facilitate further in-depth studies. Deschamps et al. (1981) used cloned proviral DNA to prove the exogenous nature of BLV and since then a number of full and partial length clones have been isolated (Sagata et al., 1983; Tsimanis et al., 1983; Gelmann et al., 1984; Kashmiri et al., 1984; Rice et al., 1984; Derse et al., 1985; Itohara & Sekikawa, 1987) . Sagata et al. (1983) compared the restriction map of a Japanese isolate with that of the Belgian (Deschamps et al., 1981) and American FLK isolates (Kettmann et al., 1981) and demonstrated that the integrated provirus differed significantly in the various isolates. Kashmiri et al. (1984) also reported a restriction enzyme map for the covalently closed circular form of BLV which showed variations from that of the integrated form (Kettmann et al., 1981) .
EBL was first recognized in Australia in 1962 (C. Dimmock, unpublished data) and was documented in the South East Queensland region in 1966 (Clague & Granzien, 1966) . Proviral integration has been observed in leukocytes and tumour cells from infected cattle with BLV sequences integrated in the lymphocytes of agar gel immunodiffusion-positive animals that show no disease symptoms (J. Coulston et al., unpublished results) .
We report here the molecular cloning of an 8.26 kb EcoRI fragment from an Australian BLV isolate, containing most of the proviral genome, including the 5' 0000-9418 © 1990 SGM long terminal repeat (LTR) and approximately 340 bp of flanking cellular sequence. To facilitate comparison of this isolate with those reported previously, a detailed restriction map was constructed and nucleotide sequence analysis performed on the entire clone.
Methods
Preparation of BLV EcoRI insert fragment. The method used was basically that of Maniatis et al. (1982) . DNA from an atrium tumour in an Australian Illawarra Shorthorn EBL-affected cow, was used as a source of provirus. Southern hybridization analysis of EcoRI-restricted high M r DNA had previously revealed two bands of approximately 8 and 12 kb, containing BLV sequences (J. Coulston et al., unpublished results) . This suggested that each band contained most, if not all, of the BLV genome. Fifty ~tg of high M r tumour DNA was cleaved to completion with EcoRI (Boehringer Mannheim), extracted with phenol and chloroform and then loaded onto a 10 to 40% sucrose gradient and centrifuged at 26000g at 20 °C for 24 h in a Beckman L8 ultracentrifuge. Fractions (1 ml) were collected and the sizes estimated on a 0.5% agarose gel. Those fractions containing DNA in the 8 to 15 kb range were pooled and the presence of proviral sequences confirmed using slot hybridization analysis. The purified insert was then ligated, as described by the suppliers (Strategene) to EMBL 4 arms with compatible EcoRI ends using T4 ligase (IBI). The products of packaging were plated on Escherichia coli strains Q358 and Q359. A library containing approximately 5 × 104 phage was obtained and subsequently screened using as a probe a 1435 bp Pstt fragment prepared from the pol region of the pBLV-1 clone which was kindly donated by Professor Y. Ikawa (Wako, Japan).
Two positive clones were isolated and found to contain an EcoRI fragment approximately 8 kb in size. This EcoRI insert was further subcloned into the plasmid vector pUC8.
Restriction enzyme mapping. Using conditions outlined by the suppliers (Boehringer Mannheim) the clone was subjected to a series of single and double restriction enzyme digestions using BglI, Bglll, KpnI, HindlII, Sail, XbaI, BamHl, Sacl, XhoI, PstI, ClaI and PvulI. Digested DNA was then run on either 0.6% or 1.5% agarose gels using EcoRI-cleaved bacteriophage Spp-1 DNA as an Mr marker. Fragments of less than 400 bp in length were sized using 5% acrylamide gels using HaelI-cleaved pBR322 as a molecular size marker. As pBLV-AI contains PvulI cleavage sites at 61 and 86 bp, a 12% acrylamide gel was used to identify the PvulI fragment, which presumably corresponds to the 25 bp PvuII fragment in pBLV-1. Hybridization analysis was carried out using a 550 bp Sau3A fragment of pBLV-1 subcloned into pBR322.
NucleotMe sequence analysis. The nucleotide sequence was determined using the method of Sanger et al. (1977) . Based on restriction enzyme mapping data obtained here and from pBLV-1 (Sagata et al., 1985) a series of fragments were cloned into either M13 or Bluescript for DNA sequencing. The Stratagene Cloning System, which offers a special M 13 helper phage (K07), was used to package Bluescript M 13 vectors preferentially. DNA sequence analysis was carried out using standard procedures with T7 Sequenase and [35S]dATP.
Results
We have observed integration of one to three BLV proviruses in tumour DNA from cattle with EBL (data not shown). In order to study this strain of BLV and compare it to others, we have constructed a DNA library as a means of cloning the provirus. A positive clone containing an EcoRI insert was further subcloned into pUC8 (pBLV-A1) for mapping ( Fig. 1 a) , using single and double restriction enzyme digestions. The position of an LTR sequence was established using a 550 bp Sau3A fragment from the LTR of pBLV-1 (Fig. l b) . A comprehensive restriction enzyme map is outlined in Fig. 2 . The size of the EcoRI insert was shown to be 8.26 kb and it contains approximately 340 bp of bovine DNA. Comparison of this isolate with three others demonstrates some variability between the different BLV restriction maps (Fig. 3) .
In order to study the provirus in more detail the entire pBLV-A1 clone was sequenced (Fig. 4) . The sequence includes 7934 nucleotides from the 5' LTR to the unique EcoRI site within the pXBL gene. This is five nucleotides longer than the sequence reported for the same regior~ of pBLV-1 (Sagata et al., 1985) . The overall sequence is quite similar to that of the Japanese (pBLV-1) and Belgian isolates. Nucleotide substitutions account for approximately 4 ~ of the total nucleotide content of the pol and env genes and the figure for gag is 6%, when compared with the other two isolates. Nucleotide deletions and insertions were observed in all three isolates with approximately 50% occurring within the gag gene (Fig. 4) and the majority of these involve G or C nucleotides. No deletions or insertions were observed within the env genes and only two such changes were found in pol, both occurring in the Japanese isolate.
The 5' LTR of pBLV-A1 is 531 bp in length, one nucleotide longer than that of pBLV-1 but the 5' leader sequence preceding the gag gene is the same as that of pBLV-1. The open reading frame for the gag gene extends from nucleotides 629 to 1807. The junction between p15 and p24, the major internal gag proteins, is defined by leucine and preline, the same two amino acids as in the Japanese isolate and the combination leucine/ valine occurs at the p24/p12 junction in both cases. Within the gag gene some nucleotide sequence variation was observed in the different isolates and the Japanese strain shows considerably greater variation at the amino acid level (Fig. 4 , nucleotides 1444 to 1579). The variation in the Japanese isolate arose from frameshift mutations due to the deletion of one C residue at position 1445 and a further three C residues at nucleotides 1528 to 1530.
The pol gene has the longest open reading frame, extending from nucleotides 2318 to 4876. As in the case of the Japanese isolate a GGT sequence initiates this open reading frame from nucleotide 2318. The open reading frame of the env gene extends from nucleotides 4827 to 6369 and overlaps with the 3' end of the pol gene for 55 nucleotides as seen in the case of the Japanese isolate. A region corresponding to pXaL, as described by Sagata et al. (1985) , is present with a GCA triplet providing the beginning of an open reading frame. The predicted amino acid sequence extending to the EcoRI site at the end of pBLV-A1 is closely related to that of the other isolates.
Discussion
We have described here the cloning and DNA sequencing of proviral DNA from an Australian Illawarra Shorthorn cow with EBL. The total size of the fragment cloned was 8-26 kb which included 340 bp of flanking bovine DNA at the 5' end (790 bp, including the LTR, are missing from the 3' end). Southern analysis (using a BLV L T R probe) of DNA, isolated from the same tumour from which the EcoRI fragment was cloned, revealed the presence of a lower Mr band approximately 1.5 kb in size in addition to t h e 8 and I2 kb bands, suggesting the presence of full-length BLV in the turnout DNA.
The complete nucleotide sequence of the BLV clone (pBLV-A 1) described in this report has provided a useful comparison of the extent of variation at the nucleotide and amino acid levels in BLV proviral isolates from Australia, Japan, Belgium and the U.S.A. The nucleotide sequence was very well conserved between the major isolates. The extent of variation between the Japanese, Australian and Belgian isolates was approximately 3 ~o, distributed over the entire genome and most of the variation was confined to point mutations. Most of these mutations in turn were substitutions and did not lead to amino acid changes. Amino acid sequence was most highly conserved in the env genes where only 0.71%of positions. This value is the same as that observed in this study when Australian and Japanese isolates are compared and very similar to Australian/Belgian (12) and Japanese/Belgian (13) comparisons. As observed with the above mentioned BLV variants no amino acid changes were found between positions 89 and 201 or between 222 and 257 in the env gene in the three isolates compared in the present study. Bruck et al. (1984a) have demonstrated that the biologically active form of gp51 is dependent upon protein glycosylation. All eight potential glycosylation sites in gp51 are present in the same positions as described for the other BLV variants (Portetelle et al., 1989) . The majority of these occur within the two invariant stretches of amino acids described above.
A number of different epitopes on gp51 have been identified using mouse monoclonal antibodies (Bruck et al., 1982 (Bruck et al., , 1984b . Of these epitopes F, G and H are conformational and are associated with the biological activity of BLV (Burny et al., 1988) . DNA sequence comparisons between BLV variants and differential reactivities of gp51 fragments with monoclonal antibodies suggest that these three epitopes occur within the first 150 amino acids from the amino terminus of the env protein. Seven amino acid changes were detected in this region in the four BLV variants studied by Portetelle et al. (1989) , whereas the number of changes observed between Australian, Japanese and Belgian isolates was four, demonstrating a high level of amino acid conservation in this biologically important region of the protein. The importance of disulphide bridges in maintaining the native structure of gp51 has been demonstrated (Bruck et al., 1984b) . In the present study the number and location of cysteine residues in the first 150 amino acids from the N terminus of gp51 was the same as that reported previously. In summary the molecular cloning and sequencing of an Australian isolate of BLV has allowed a detailed comparison of BLV strains isolated in several countries. A high level of amino acid conservation in the env gene was observed when several isolates were compared, particularly within regions that appear to be important for the biological activity of the virus. The greatest amino acid variation was seen in the gag gene.
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